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JOINING TRIP STEELS
;%“ o ~ ' -Sudhir MadhusudanﬁAmbékar

: Inorganic‘Materiéls Reséarch Division,'Lawrénce Rédiation Laboratory,

Department of Mechanical Engineering, College of Engineering,

" University of California, Berkeley, California
ABSTRACT |

A brief déscription of the propefﬁies and métallurgy‘of a TRIP
steel (composition: 9 Cr - 8 Ni - 4k Mo - 2 si - 2 Mn -‘O.QBVC) ié
given in order to gain an insight into the factors affectihg Weld”éfrength
and weid'metallurgy.. |

The TRIP steel was welded by thfee'proceéses (1) TIG, (2)'electfqn'

beam, and (3) friction welding. .The highest strength of 198 ksi was.

‘obtained by friction welding in a base metal having a yield Strength'of

207 kéi. Suggestions are made to further improve weld properties;

| An;approximate analytical model is presented to calculate fhe
strengtﬁ'of butt welds in metals havingvg weld zone weaker than-the base
materiai; The model takes into aécount the strength gradient'iﬁ fhe;
weld zoné'and cdmpﬁtés the strength based ‘on thevdiﬁgnSions df the‘joint,
the width of the weld zone and the sfrengfhs of the base metal and ‘the

weld zone. Experimental results. substantiate the theoretical mbdei.



I. INTRODUCTION
Two of the most common ways of increasing the yield'and tensile
strength of steels are heat treatment and mechanical processing. How-~

f

'ever with such 'treatments an increase in the yield and tensilevstﬁengthS‘

caﬁseé a decrease in the uniform elongafion to fracture. The stress
strain curves of such alloys are "flatter" at higher plastic strains.
Further, fhey lack.the ability to yield locally and redistribute stresses
vat notches and other unavoiable stress raisers in structﬁrai ébpliéafions.
In stuinng the mechanical properties of a ﬁeﬁal, reduction inférea‘ P;?
is a more meaningfﬁl measurement of ductility than elongatidn._ A
litefafure survéy in this field shows that the eidngétion drops'ﬁore v
: rapidly than the reduction in area as the yield strength of'an alloy is
.increaéed by heat treatment or mechénical prdceséing. 7
Many éﬁéels having vield strengths well over 200,000 psi ﬁavevre-
ductions in areas.onSO% or more. - It'ié thus evident that local.nééking
is fesponsible for the low values of elongation exhibited by many high
sﬁrengﬁh alloy steels and that if neéking could be suppressed then. the
total elongation would be enhanced. .It is also observed that invqﬁenched
and tempered_low alloy steels that the higher fhe tensilé (ana yield)
strengths, the lower is tye ténsilé strain at whichﬂhecking begins but
the trueéétrain-true-stress curves are essentially parallel., This |
' means that the strain hardening by dislocation interactions;is”substan;
tially iﬁdependent of the yield strength, but is inadequate to compen-
sate for £he increase'invstress in the region of the neck. Therefofe,

if the.inherent ductility (as indicated by‘the reduction of area) is

to be utilized in the form of uniform plastic -strain, barriers‘stronger'



'thaﬁ diélécation tangles must be formed durihg-plgstic stféining (as
- opposed tbfbefore‘plastic'straining which wéuld.increasé’thé yield 
>strength;but not necessarily the strain hardening rafe). MaftenSiﬁél‘
~ plates cén aci as strong barriers to dislocafién motion, pafticﬁiarly
- when the carbon content exceeds about 0i2% (1). . This togéfhef withbthel'
. _ ' _ ) _

knowledge of strain induced martensite trénsformation led to thé develop-
ment of TRIP steels. (TRIP is an écrdnyﬁ for.TRansformaﬁion-Induced'
Plasticity). o | |

McEvily and Busch (2), Gerberich, Martin and Zackay (555.and
‘Thomas, Schmatz and Gerberich (4) have concluded tﬁat some austenites
COntaining carbon and a carbide-forming alloying elemen£ dan undergo
austenite decomposition when deformedvabove'rOGm temberature but bélow
the recrystallization temperatﬁre;  In stééis gontaining strong carbide
iformers, alloy carbides can precipitate on anveﬁtfemely fine écalé o
during deformation above the Mb temperatufe. This fine.dispersion'of
cérbidésl énd subsequent deformation and tranéformation to marfenéite
beiow;fhe-MD tempe:aturé are responsible for‘the high yieldtsﬁrengthS’b
of ausformed steéls. .The precipitatién of cérbides éauses a dépletion
of carbohvin_the surrqunding_éustenifevthefeby raising the.MS'and MD
temperatureé. (MS is the temperatufe below which.éustenite franSfoﬁmg
“to mérfensite by cooling alone. vMb is the temperature>below‘whichA 
austénite transforms to martensite by plastic deformation alone). For
éteels thevMb température iéiapproximately 50-lOOéF above'theiN% tgm-
perature.

fhe high yield strength of TRIP steels comes from the highvdis-
;ocafion density introduced'byvprior working. However, the precipitates

formed during deformation also govern the;strength and other mechanical
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properties to a considerable extent.

As austenite. is cooled, its stability, relative to martensite of
the same composition, decreases. Below the MS témperature,rthe_austenite

is sufficiently less stable so that martensite is formed. Most ailoying

~elements in steels lower the Ms_témperature. Precipitation of carbides,

identified as MoC and CT2C5 by Fahr (5), causes a depletion of alloying

" elements in the matrix and consequently reduces the stability of the

austenite,

Mechanical deformation on the other hand stabiiizes.the austenite,

-_The-Mé temperature is decreased with increased amounﬁé of deformation

making the austenite more stable. This :is attributed by Fahr (6) to

" the subdivision of the‘austenite graihs into small cells bounded by

carbide plates which 1imit‘the size ahd the'amoﬁnt of martensite plaﬁes
formed,' If is found thatﬂthe stabilizing effect of’prior deformation
on austenite is morelpreabminant than ﬁhe opposing efféct of'precipitaf
tion. - | | _ |
In a tension test of TRIP steel, shortly after the elastic limit
is reacﬁed there‘is a yield point phenomenon coincident with Luder's
band fb:mation in the gage section. The austenite at least bartially
transforms into martenéite. Strain hardening occurs. in the yielded
band only and not outside iﬁ. As a result.lew £ak§é§placé”in the éd-

jaqentvlayers and in this the Iuder's band traverseé_the gage sectim,

" The yield front now traverses back along the gage éection and the

-strain hardening rate increases rapidly as it enééunters the hard

martensitic phase. This process continues %ntil the gage séction is

almost‘all.martensitic at which time maximum load is reached and failure

Lt
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ensues., = In this case the strain-induced martensite enhances the local'

work hardening rate and‘prevents premature necking. - For high strength

materlals the local work hardening rate must be quite high to suppress
necking. It is for this reason that most- high strength steels, e.g.,
SAEHBMO'and 18 Ni maraging steels with low work hardening rates neck
shortly_after'yielding;

The TRIP phenomenon also improves the resistance of TRIP steels to

.crack propagation and thus improves fracture toughness. Austenite—

martensite transformation occurs ahead of the crack tip in the plastic

zone, and this is an energy dissipation mechanism. It has been shown' (7)

that the degree of energyvdissipation from this mechanism'may.be greater
than other plastic deformation_processes.. The same general explanation
is given for their high resistance to'crack propagation under_fatigue
conditions. : - | |
Although the TRIP phenomenon can be observed in large numbers of

alloy combinations,vinyestigationsvat the Inorganic MaterialS‘Research

- Division of the,Lawrence RadiatiOn Laboratory show that the best mechani-

cal properties are observed in the following compositions (8);

(A) 9 Cr-8Wi-khNo-28i-2Mm-0.25C¢

(Good room temperature properties)-
'(B)' _.lBCr—9Ni-5MO'-_2Mn-O.20C
o (Good lom temperature properties)
- The thermomechanical treatment consists of homogenizing, forging,

and annealing the ingots to destroy the original cast structure anu then
warm rolling above the..MD temperature to produce an austenite having

yield strengths of more than 200,000 psi.
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The mechanical properties of TRIP steels can he médé to suite
specific applications by appropriate éhanges in'ﬁhe£Chemical composition,
amount of prior deformation and processing temperatufes; N

Froﬁ”the'foregoing discussion it may be inferred that the thermb-
mechanical treatment has a twofold purpose in the preparation of TRIP
steél It increases the yield strength by 1ntroduc1ng warm work and
it also stablllzes the austenite. When such a steel is heated to a
temperature above its recrystallization temperatﬁre and cdoled to.room
temperature, the_opposite»effectvtakes place. It loses its high yield
strength.and the éUstenite'becomes less stable. Thﬁs_it is clear that
a fusion:wéld ih'TRIP steel would‘haveipoor joint efficiéncy. (Joint
efficiency is defined'as'fhe ratio of the uitimate strength of the |
welded jé:mﬁ to the ,ultijnate strength d;f_the hase metal. | If the joint
fails ih £he base metal the’joint effiéiencyvisvaésumed to be lOQ%;)

When the metals'being‘joined afe not critically heat sensitive,
proper shielding, allcoying of the fusion zone and careful control of the
welding érocess usually result in relatively high joint efficiéncies.
But when a heat- sens1t1ve metal, like TRIP steel, is welded and tested
in tens1on the - plastlc deformation is limited to the weld zone (the

fusion and the heat affected zone ) only and the»failure would. be expected

to oceur in this region. Hence although 1ocally the strain in the weld

zone may be qulte hlgh the overall elongation of the ‘joint is very

iow. If it were p0351ble to achieve a joint strength equal to or '
greate? than the ultimate strength of:the base metai, the base metal
would yield and foi most practical purﬁéses the mechénical properties of

the joint would be the same as those of the base metal. 'HEnce ideally,
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the weld thé_should have a very high strain-hardening rate so as:t§ 
: produée base metal yiél&ing, thereby resulting in larger uhiqum eiOnga;:
tions béfore fracture. This is essential to realize the:fﬁll praétical"
potential_of the TRIP steels; | | |

Thé most obvious approach is to add.alloying elements to the fuéion 
zohe, by means of a filler metal, té produce the. required mechanical
properties, However, there is always a heat-affected zone (HAZ),_adL
‘jacent ﬁo thé fuéion zone. .This zone does not melt at any tiﬁe butl
merely undergoés a metallurgical traﬁsformation és a reéult bf.thef
heating énd'éooling'during the welding process. Consequently, in;heat
sensitive metals fhe‘ﬁechanical propertiés’of the héat affécted zone are
far inferior to the base.meta1 properties. In some alloy steels the
’proﬁerties can bé restored by post-weld-heatvtreatment. However, when
the properties of thé base metal are derived from prior deformatidn it
is difficult if ﬁot impossible, to restore these properties by'heat |
treafﬁent."The heat affected zoné in suéh»cases consisté of austenite
that is recrystallized and the bénefiéial effects of the coldiwork have
consequentiy'been destroyed. If the TRIP steel has "a high éarboh‘con-
tent it may be possible to quench the’weld'tq below tﬁe-Ms tempergture
of the recrystallized austenite to produce-martenéite. This high
.garbon marfensite has a high yield strength and strain hardening rate.

However, since post-welding thermomechanical treatment is usually not-

feasible, there is no simple way of improving the strength of such.joints.

The most obvious élternatiVe process would be a diffusion or a solid
state bonding procéss where the temperatures involved will not cause

any phése change or recrystallization with consequent deterioration of

@
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properties. However, the applicability of such a process is very re-

stricted espeéially if vacuum conditions and/or spééial surface prepara-

‘tions are required.

,One>means of increasing the strength of such butt-welded joihts is

to limit the width of the weld zone, thereby developing hydrostatic

tension in the narrostthéned zone due to the constraint imposed by -

highvstfength base metél;‘ This'méchanism is similar to that in avbrazed
joint;.fﬂé:narrbwer the Qeld zone, the higher the yieid'strength. In
brazed joints howevér, fhe thickness of the brazingnalloy is usually
muéh.smaller compared to the.physical'dimenSidns'5f'the parts being
joined fhan is possible by any cﬁrrent fusion Welding procesé.

Nikolajs Bredzs (9) w.nhovstudiéd the variation of tensile strength
of‘bra#éd joints with joint thickness, concluded fhat the iﬁcrease in
the tensile strehgth with decrease in joint thickness is.due-almOst'ex-
clusively to.the increase of the biaxial constraint and the suppression
ofithe_neckdown effect’of'the fillér metal. It has_long been recognized
that the tensile strength of a metal may be increased by incréaSing the
biaxial constraint in tension tests of notched Earé. In brazed Jjoints,
siﬁce the strength of the brazing alloy is far less than the strenéth
Qf thé 5asé_metal,_£he effective strength of the constrained brazing
alloy méy thus be raised many times ifs strength in uniaxial tensibn,
and this is dependent upon the geometry of the joinﬁ. |

These investigations of brazed joints may be applied to welded
Jjoints Qhen the fusion zone and the heat affected zone are weaker than
the Ease metal. waever since the width of even thévmost ndfrow weld

zone is much greater than a brazed joint, the constrained weld zone

S
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strength cannot be increaéed to the same'extent. waevér,vthé strengthl'
of the weld zone‘is relatively high cdmpared to a brazing alloy and a :" P
1§mail decrease in the width of the weld zone increases the weld strength | | 1}
qonéiderably. In most éases it may be only neéeésary to increase the

strength of the cénstrained weld Zone by;a factor of 2 to 2;5 ﬁimes to

réach the yield strength of the base metal.

.’Once the baée metal has yielded, the strength of the joint is the
same as,thét_of the base metal (assuming no strain hardening in the ?
base metal);v | .

The experiments described herein were performed with this as the v -
goal. Laﬁér in thé discussion an.approximaﬁe analytical model is : v'v | } 
presenfed to calculéte the étrength of fhe Jjoint. Althdugh the experi-
ments were not perfbrmed with thevébjective of proviﬁg the validity of
the fheéretical model, results obtained do'éubstantiéte the proposed

model and analysis. . - _ 7
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II, EXPERIMENTAL PROéEDUR_E: RESULTS
Aststated earlier, there is no ohe single typical TRIP steel

composition. The.occurrence of the-TRIP phenomenon depends upon the
proper balance of the alloying elemehts and . the thermoﬁeehanieel treat-
mehtf The eoﬁposition and tfeatﬁeﬁt‘ehOSen for this_stﬁdvaas the one
that has good room.temperature,properties. Several heats of the same
nominal composition

| v9Cr—'8Ni-l+Mo-2Si-2'Mn-O.25C
were melted in either vacuﬁm.or inert_atmosphere and ' poured inte‘heavy
copper-molds. Thevsubseqpent treatment consisted of homogenization
for three days at 20006F and fofging at EOOO€F to the required‘size be-
fore final warm defofmatiog. (Care was “taken toveliminate.thevoriginai
caet grain’structure by upeettingtand'cross forgipg, thereby prevehting
c;ackingvin the subsequent warm rolling operation.) forging was fel—'
lowed by austenitization at 2200§F for 3 hours ehd_quenching in_an ice-

brine solution., This annealed material was then warm rolled 75-80% at

' 840°F, TFor sheet stock, the ingots were forged to a rectangular slab

and.then rolled, while for round bars_the ingots were forged-round and
rolled_bet%een ibrm-folls. |
The tension specimens .used are shown in.Figs. 1l and 2. These

were tested in an Instron.machine with a cross-head speed of 0.04 in./min.
The rodm temperature stress-strain curves of the bese material are shown
in fig;t5 and Fig. k.

| The first eXperiments were made to determine the effects ef various'
heating eyeles on the propefties ofvthe material. A fest temperature

rise for sheet specimens was achieved by resistive heating. The
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:temperaturé.cycle was recorded by small diameter (0.003 in.«diamefer)
chromel-alumel thermocouples aftached to the maXimum temperature Zone.
The specimens were air-cooled. Thesé heated specimens were then ténSion
tested.afjrodm termperature. The variation of yield stress.and ultimafe
tehSile stress with maximum;temperature of heating is shown in Fig. 5..

_ The graph shéws a sharﬁ drop in the yield strength beyond 15006F
which éorresponds to the recrystallization temperature of the-deformed
~austenite, - Microhardness méasuréments were made on these specimeﬁs
and.a graph of microhardness vs yield'stfength.is shown in Fig. 6f
Tensile strengths may also be corfelated with hardness measurements.
-However, it was ﬁecessary to relate microhardness to the yield strength
so that the dataICOuld be used to check the validity of the theoretical
analysis léter. |

TIG Welding
; _iFﬁéion welding ‘of TRIP steel without the addition of filler metal
wéé £ﬁen undertaken using the Tunésten Inert Gas (TIG) welding procéss
“on' 1/16 in. thiék‘Sheet stock. In all Sheet'metai welds any "ouild-up"

was‘grpund off before tension testing. - Tension test specimens were

€machined with the weld in the middle of the. gage section and the re-

‘sulting stress-strain curve is shown in Fig. 7. A microhardness traverse

across the weld zone before tension testing is shown in Fig. 8 which
giveslan indication of the wéld Zone width and sfrength of both thé
fﬁsion zone and the HAZ.
A similar weld was then made using a maraging.steel filler metal,
.having a nominal composition of 18 Ni, 8 Co, 5 Mo, 1 Ti, and was intro-

duced in the weld in the form of 1/8 in. rod. The weld was then aged

T A S S o
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at 930°F for 6 hours. .The tensile stress-strain curve for sﬁch a weld
is shown ianigf.9 and the microhardness traverée across the weld Zéne
is given_ip Fig;“lO‘ The specimen necked on botﬁ Sides of the fusion
zone and failed in one of the necks. 'The.fractufe stress in this case

is somewhat greateér than that in a simple TIG weld.

Electron Beam'Welding

Prodﬁctionvbf a narrow weld zone requires a highly concentrated
heat'sourée;, O@her.conventional_processes-using an afq as the heat
source ére comparable to-or worse than the TIG process in thié respect:
waevef‘the eleétron beam doeé offer such a concentrated heat'sourCe.
Tﬁerefofe, in aﬁtattempt to further reduce the,Qidﬁh of the .soft zone,
an eléétron beaﬁvweld was made without filler metal.' Wélding was - done
under vaéuum.donéitions at 1 X loﬁh.Torr and a travel speed of 30 in./min.
The sﬁress—straiﬁ curve of thisvweld”is shéwn in Fig. 11 and ﬁhe.micro_
hardness traverse across the weld is given_in fig,.lé.
| 'Finally, ag_attempt waé made to introduce;filler metal into the

electron beam butt weld. The filler metal waé introduced in -the form

of strips of maraging type steel sandwiched between two ends of the

TRIP steél members being joined. The electron beam.ﬁds defocussed to
fuse the strip and the base metal together. Thisvweld wés-also tested
in tension and ﬁhe.resulting stféss—strain curve is shown in Fig. 13
while thé microﬂérdness"traverses is shown in »Eig:_lﬁ..

In order to'determine the strength of a weld at a temperaturé far.

below the Mb temperature of the annealed austehite, an electron beam

i .

- 1

weld (without filler) was tested at liquid /nitrogen témperature. The
stress-strain curve oﬁ such avspécimén is shown in Fig. 15.
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‘Friction Welding

”Ffictién welding was tried on" round bgrs in an effort to minimize
the heat affgcted'zone and:induée warm working dufing'the.welding c&cle.
Speéimens.used fof:these'experiﬁents.are,shown in Fig% 16 and the process
is:deécfibed brieflyfbeLow:

Frigtiqn welding is a Welding process wherein éoalescence is
pfoduced by'frictiénalfheat"deriVéd,from‘sliaing motipn'between tws
-Surfaceé_held togethér under pfessufe. Conventional friction_wglding
rotates onévpart'at relatively high controiled»speeds agaihét a sta-
“tiohary member fo.which it ig ﬁo be‘joined;'vThe weld ié'éompleted
- within seconds or leés, after making'cohﬁact. This,results in
a comparativelyvﬁarfow heat affected.zone. Filler_metai, fluxes.or
shielding gases are not requiréd in‘this process andvWelds can be made
with a minimum of'work piece prébaration.

The variables fd be controlled are

| a) ‘rbtatiohal spéed_
b) axial ﬁeld pressure
’zé c) amount.of upset or axial shofﬁening of'theiéssémﬁly
'(the length of welding time or mumber of revolutions
of»thevrotaﬁing'meﬁbér may be substituted for this)
a) forge pressure (pressure applied for a prédetermined
‘time after the weld cycle is completed).
Provisioﬁs were made on the machine used to reéord torque, axial pres-
sure, and actual "upset'. | |
The interface reaches a high temperature as a rgsult of fricﬁion

between the rotating and stationary menbers. ‘As a consequence the
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metal'atlaﬁdfin fhé*fipinity:of £he intgrface becomes soft and.flowé
outward. Sughvéctidhiéeparatés or removes. surface impuritiés, thué
bringing.metallurgically clean.sﬁrfécestinto chtacté thereby creatihg
a sound'metallgrgiéal_bohd with a minimized width of the heat affected.  o
zZone, | |

Prbpertiés Qf the wélds produced are determined to a considérable
exfent by the Variéus pfdcéss ?éfametérs, and éptimﬁm1pfocess conditibns
‘require extensive éxperimehtation.‘ waéver,,iﬁ the preéeﬁt-study ah
effort was made to reduce the number bf variablés by utilizing‘ihfbrma-
tioh:théf previous expeiiménts had,shown té be an adequate amount of
upset (0.030 in.) and forge time (4 sec).v |

Wélds were made in l/h'in.‘diamefer specimens after which they »
were machined to eliminaté any eccenfricity. Ténsién teét results of
.some of these welds are shdwn in-Table I. The stress strain curve for
.a representative friction weld is shown in Fig. 17 and the microhard-
neSs travéfse for a7simiiar specimen is shown in Fig, 18.. Figure 19
‘shows fhe stress sfréiﬁ curve of a friction wéld where there is con-
siderable jielding of the base metal and Fig.k20.shows the cdrrespondiﬁg

microhardness traverse on the weld.

Mbtallography'

Thevwelded specimens were mounted in bakelite,'polished:meéhanically
and etched by sﬁabbing with Kailiﬁgfs reageﬁt (5 gm Cupric Cthride;'
100 ml HC1, 100 ml élcohol and IOO‘ﬁl water). A Carl Zeiss optical
microscobe was'used for observation ahd photography of the weids. Most
of the micrographs were taken'at a magnification of 600X, so thét a

»comparative-study of the structure could be made.
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IIT DISCUSSION

. Weld Strength

It is ev1dent from Fig. 5 that the room temperature yleld strength
of the materlal heated to different temperature remains essentlally coh-
stant until about 1000°F. ‘Between 13500 F-and lMOO‘F the yield strength
_,decreases~very rapidly and the decrease %ecomes more gradual at higher
temperatures. The reiationshipvbetween mierohardness and yield strength
is shown in Fig.k6 and is apprdximately.Iinear-in the temperature rénge below
the recrystallization temperature, tut in the vicinity;of the recrystalé
lizatioh temperature the.yield'strength drops rapidly whereas the”harde.
ness is'essentially constant; |

Microhardness traverse across ‘the weld zones clearly demonstrates
that the weld ZOne consists of.a weak;central:region'(fusionﬂZone).h On
‘both sides of this zone there is a region (heat.affected.zene) in which
there is atstrength gradient. When such e weld is.tested in tension it
behaves like a composite material. ‘Loekihg at the stress-strain diagrem
(Fig. 7).of the TIG weld it ma&.bevseen that there are two distinct
stages‘of &eformation.. In the first stage, both the base metal and the
weld.zdhevere in the elasticvstage. In the second stege the Weld zone
is in the:plastic range while the base.metal'is still in the elastic
range; .The resulting curvature is a cemposite of the slopes_ef the
elastiC'eurve of the base-metal and the plastic curve of the weld'zone,v
Strain hardening in this second stage is detenhined aimost-entirely_by
the strain hardening characteristics of the weld zone since the slope

of the elastlc curve of the base metal 1is essentlally'constant‘ If the

weld zone has a high rate of strain hardehihg it_may'be.possible tOf
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'tcécéuse the-base metal to yield befcre fracture occurs in the weld
zone; waever 1n this case the weld zone is made up of" annealed and
cast TRIP steel and the properties of the weld Zone are governed by _»'
the composltion and metallurgical state of the TRIP steel. The width
of the weld zone is approximately 0.45 in. (Fig. 8) in specimen 1/16 in.
thick and 1/8 in. wide. Therefore the mechanical constraint exercised
by the base metal is relatively small. The stress-strain curve deviates
' from lineerity at spproximately the yield stress (TO;OOO psi) of annealed
TRIP steel but the fracture stress is 118,000 psi. |

In-the.case of a similar weld made with the meraging type steel as
filler- metal the total width of the weld zone 1s apprOXimately the same
(O 4o 1n.) as shown in Fig. 10. However the fracture strength 1is
140,000 psi (Flg. 9 approx1mately 17% higher than the TIG weld w1th—
.cut filler netal. From Fig. 10 it is clear that the maraging_type
steelvfusion zone is much stronger than the heat affected zone in the
base metai. Effectively then, the strong fnsion zone divides the: weld
zone, thereby separating the two weak heat affected Zones; The-mean
width of the two heat affected zones is approxinately 0.125 in. bThe
relatively strong maraging steel deposit and the base metal exercise
mechanical constraint on the deformatlons of the heat affected zones
resulting in higher strength. The weld deforms plastically on both
sides cfvthe fusion zone and fails in one,of.the two regions.’

Tt should be mentioned ab this stage that since the weld failed
in the heat affected zone and not in the fnsion zone, alloying would not
increase the properties of the weld zone. The strength of such e weld

is determined entirely by the width and the strength of the heat -
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" affected zone , andfthere is no simple method of'lmproving the properties
of'thiS’region since the strength of TRIP steels is deriVea from warm
work. The_effect of subzero treatment,of welds is.discussed later.
An‘electron beam weld is similar to the TIG except'the weld zone
is mnch”narrower. Both have a cast structure andjheat affected zones._'
It is unquestionahle that generally the_electron heam weld.cools faster
but a coﬁparative study of the microhardness traverses shoWs_that the
weakest.section in both heve approximately the same hardness; (See
Figs. 8Vand 12.) The weld.fails in the fnsion zone_in a.brittle.manl
ner. Fracture stresses are quite‘high,,lh6,000 psi-(Fig. 11) in l/lé in. -
thick bybl/8 in. wlde'specimens. The width of the weld zone is approxi-
mately 0,080 in;'(Fig. 12). Although pure plenevstrain conditions are
not obtained uhder_these conditions, there is conslderable increase in
thevyield stress of the weldvzone. Electron beam welding underbcare- |
fullyvcontrolled conditions'probably produces_the narrowestrweld zone
of any conyentional welding process. The next_ohvious move is to split'
the neld'zone as discussedvearlieery edding filler metal. The‘effect
of filler metal in the electron beam weld is s1mllar to that in the TIG

weld, but the increase in strength is a smaller fraction.

-Frlctlon welding w1th its 1nherent llmltatlons as far.és application '

is concerned stlll offers a method of obtaining very high JOlnt strength.
It is one of the few processes that offers a controlled forge cycle.

This may'be utilized to induce cold work into the weld junction. ‘The
forge cycle also helps to refine the grain structure. In most conven—
tlonal fus1on weldlng processes the hottest (and consequently the

' weakest) metal is retalned but 1n frlctlon welding most of the hlgh

¥
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femberature_régién is forced éut in £he.form’Qf flash, and subsﬁrfécé
layefslaré.brought:into éontéct. Althdﬁgh whether bulk fusion actually‘
occurs invffiction weldiné_is still a:subject of'éontrOVersy,.micro- -
hardness tréverse shows that the weakest reéidn.in the weld is étill
vmuch'hafdef thaﬁ,the cast structure produced by'convehtionél fusion
processés (Fig; 18). If may be pbssible that thé‘molfen metal is
thrown out in the fofm of fiash and a bénd is formed by intimate éontact
“of nasceni subsurface 1ayers. It méy‘be assﬁmed that flash'formé when
the local flow stress of the_metal at the‘interface.félls.just below
:the appliea axial weld préssure and the yiéld sfréngth of the region
at thevnew interféée is‘greétér than orlequal to the:axial ﬁéld_preé—'
sure, Conséquehtly,>higher weid preééures reSult‘inuéfrongef and
narrower weld zones giving risévto highér_joint strengths. This is
evident in Tablé L. Thus suffiéientvweld pressure is ésSeﬁﬁial for a
gon‘bona. Insufficient weld pféséure gives rise to voids in the welds
resulting in premature faiihre. | |

In'fhié experimeﬁt it was found ﬁhat the forge-pressuré was not.
effectiveuin increasing the strengfh of the weld zone. This ﬁay be
becauseleither the forge pressure ﬁhot works".the weld zone or it is,
not sufficient to impart cold work.‘:fhé axial pressures are limited‘_
by the cabacity of the maghine and the sizé ofvﬁhe meﬁbers to be joined.

It is interesting to note that stfength'of the joint in PFig. i9»
. closely épproaches the yield strength'éf the Base métél and‘is'therefv
fore more ductile (8% uniform plasfic elongation) than the joint inv |
Fig. 17 Which is less strong and shows practically né uniform plastic

' elongation to fracture.
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Weld Metallurgy

The TIG welds andithe electron beam welds éré basiéally;similar
with the effects of intense heat more proﬁounced in the.forﬁér.brFigure
21 shows the micrgstrﬁcturévof the base:metél. ItrShéwé ﬁhe carbides
that are preéipitated during rélling. Figure 22 shows the fﬁsion zone in
the TIG weld. Tt is basicaily a cast-cored structure.  Figure 23 shows
-the boundary between the fusion zone and the heét affecfed zphe;vwhen
compared with Fig. 21, the tremendous'érain growth ih‘the heatiaffeéted
zone caﬁ be appreéiated. Since TRIP steel has a face centered cﬁbic»
structure at'réom temperature; annealing twins'may bé expected in the
heat affecfed zoné.v Evidénce of such twins is foﬁhd in Fig.léh which

also shbws the heat affected zone close to the weld. The fusion zoﬂevénd

the heat-affécted zone close to it reachés temperatures sufficently high

to dissolve carbides aﬁd_theré is no'evidéncé in bptical microScopy bf
any significant amount of precipitation during cooling.
waeVef,ifurther away'frbm the fusioh zone there-is a region where
the teméerature reached during welding enhances precipitation and growth
of the carbide particles. This region is shown in Fig. 25. Tt.
is analogous.to the sensitized regionvin stainless steel weldé; The'
carbides in TRIP steel have been identified by Fahr (5 ) to be those of
chromium ah& moljbdenum. | |
The structure of the hgat affeétéd zone;and the fusion gone in TIG
welds with a maragihg steel filler is siﬁilar to that in a simple TIG
weld with no filler. The fusioﬁ zoné, however, consists of two parts.
The central region where thére is a lafge concentration of therfillér

and the region next to it where fheré is more mixing and consequently
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a lower coﬁéehtrdtiéﬁ'of the filler metel; Fiéures 26 and 27 show

these two regions respeetiVely'in the_eged conditioﬁ. The derker,reéione
in the:microgrephs are ﬁhe maraging.steel.filler regions;v The central

» hédrd region helps to divide the weld rone info_two parfs-es discussed
eariier{ >The region where the concentration of the filler metal is

less, beheves like a two-phdse region; hard maraging steel regions

. dispersed in soft austenite. This region would be expected to have a
higher strength aﬁd strain hardehing rate iike.a composite maferial;

The fueion Zone (Fige'28) in thevelectron.beam weld is a east‘zene,
with a dendritic cored structure that is much finer than in the TIG‘
weld, (Fig. 26).' The boundary of ﬁhe fusion zone 1is clearly defined ash
seen in Fig. 29. The heat affected zone is limited in width when com- |
pared to thebTIG weld as a consequence of fhe more eoncentratea heat
input, faster cooling rate, and faster travel‘speed. -Evidehce'of :
anneaiing twins in the heat affected zone are also evident in-this ceSe,
(see Fig.'ég). Further away from the fusion zone there is again a-region of
carbide ﬁrecipitation end growth, (see Fig. 30). The fusion Zone ef the
electron beém weld with filler is shown in Fig; 3%,

The_sﬁructure of the friction weld is complicated by the fact that
mechanical-deformatioﬁ accompanies weld formation and that the temperature.
is not uniforﬁ across the weld interface; The“periphery of the epeci-
men has the highest surface speed and consequegrly is a high femperature
:region. The central regioﬁ on the other hand has a low surfece speed -
and hence is at a comparatively low temperature,- The high temperature
region hes_a low flow strese, therefore it undergoes intense deformetion._

The opposite is true for the central region. High temperature, together
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with,plasfic deformation, enhences diff;sion rate and precipitation.
Figﬁré 32 shows the interface and its vicinity of a friction weld at a
bmagnificafion of 95X, The interface is-wi&er ﬁear'the outer pefiphery
(top‘of.ﬁhe'photograph). The derk baﬁds may be caused by preeibitates
ahd/of-deformation lines.‘ Iﬁ the central region,-plaetic deformation-
is very‘limited, however tﬁe microhardne;s-traverseaaléng the' center line
(Fig. 20) shows.2 slight. inérease :in the hardness.. . Hence it may be
’inferredvthet carbide precipitation predominaﬁes in the central region,
(Fig. 33). Since the region near the outer periphery is‘atwa_higher
temperature,; there is less concentration of darbide particles, (Fig°e5h);
Figure 55.shows grain flow in a region further ewayifrom the interface.
The dark bends in this case areva result of both plastic deformation
and precipitation. waever,'the'deforﬁation takes place above the re-
crystaliiZation temperature; consequently, there is no s%rengthenihg
effect. |

Micrographs ofvthe friction weld do not show:any evidence of a
"fusionezonef. The grains in the heat affected zone are severely
deforhed_as a result of the combined effects‘ef-high temperature, rota-
ﬁion, and akial pressure; : These facters together with the fact that
the weld is formed iﬁ a very short time (appfoximately 0.5 sec.in-this

case), increase the strength and decrease the width of the softehed zone.

Subzero Treatment of Welds

This particular TRIP steel, in the annealed state, has an M,
temperature slightly higher than the temperature of liquid nitrogen. It
is, therefore, not poesible to transform the recrystallized and cast

austenite in the weld zone to martensite to any significant extent by

S
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qﬁenchingvin iiquid nitrogené' H0wever, if the alldy content (especially:
ﬁanganese) of the-steelxie feduced.so that.the MS tempereture of the
warm-folled TRIP steel is below the liquid nitfogen teﬁperatﬁre'andvthat ‘
of the_aﬁnealed aﬁsﬁeniﬁe is abeve it,.the weid zone could be transformed
£o martensitevby such gquenching. The martensite thus preduced ﬁill in-
crease the weld zone strenéth. Thus it may'be eoncluded théﬁ in prin-
ciple, at leest,it is possible to strengthen the weld zone by quenching
it to a temperature intermediate between the_MS temperatures of the‘
warm worked austenite and annealed austenite. It is usually desirable

to have:a large differeﬂce between the Ms and Mb‘temperatures of TRIP |
steel so that straiﬁ induced transformaﬁion_can be'obtained-over a wide
range ef tempefatures. Lafge emounte of warm work increase fhe‘yield
strength'of the TRIP steel and also increase' the difference betweeﬁ

.the Ms end the Mb temperatures by decreasing the N% temperatﬁre of the
.austenite. Avsmaller allo&-content on the ether hand will tend to in-
crease the MS temperature of the annealed eustenitef Thus,'iarge'amounts
of warm work and a smaller alloy content will increase the difference
between the M temperatures ef the warm worked and annealed austenites
making the sub-zero treatment of welds more practical.

Teeting.of the electron beam weld at liquid nitrogen ﬁempereture
(Fig. 15) suggests another approach for obteining high streﬁgth welds.'
If the service temperature of the weld is well beiow the Mb temperature‘
of the annealed austenite, the amount of martensite formed per unit
strain is much higher thus increasing the strain;hardening rate and‘£he
strengtﬁ of the jqint. In Fig. 15 however, the effect of the efyogenic

2

E - temperature makes the weld brittle. Thus it may be concluded that



. proper alloying of the TRIP steel itself Will help toward obtaining a

' str_oﬁgé:é weld.
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"IV, THEORETICAL ANALYSIS = -
A theoretical analysis will be made first for the case where the -
properties.areiuniform’across the weld zone and then later modified to 

account for gradual-changé in'properties across it. Thé'folloWing

assumptiohs have been made. L

1. - The weid is cdnsidered as a layer of soft métal saﬂawichéd'

between the ends of two pieces_of higher”strength metal; (see Fig. 36)..
2. The elastic mpduli are equal for both_ﬁetals. | |
3 Pbigson's ratios are equal for bofhvmetals.

Lk, Plastic deformation is limited to the weld zone and there is

, no strain hafdening of the weld zone.

5.I_Nb residual Stressés'are‘present.
6. The weld has no defects and the bond- between the hard and the
soft metal is metallurgically sound.

7. Initial failure of the weld zone starts when the shear stress

‘at the interface (between'the'hard‘and the soft métal) reaches the

shear yield point of the weld zone. .
The first assumption simulates the weld and-is a valid approxi-

mation when the strength of the fusion and heat affected zones are

lower than the strength of base metal.

The second and third assumptiohs will generally be_valid'fof_welds

between similar metals.  Although the yield strength of the base metal’
and weld zone, may be quite'differént, their elastic moduli and the
- Poisson's ratio will be quitevsimilar.' This assumption simplifies the

~ analysis as the radial stresses arising from differences in mechanical

properties do not héve to be considered.
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| The fbu?th,‘fifth,'éhd the‘sixth;éssuﬁpioﬁs-are'for mathematicai‘
»simplicityq | | |
Thé-failuré-criterion-is reasdnablé'sinCé,the interface expefienCes‘
maximum shear; It ié conéistent with thé éssﬁmption fhat-therebis'nd |
étrain hardening in the weld zone.

- Under these assumptions, the breaking stréngth Oy,

, of the welds
in round members is given by

'cb = o [1 + 5\:;_3 . %] '. _ : o (I)

where O is the yield strength, D the diameter and h the width of the

wéld.zone. For details of this derivation the reader is referred to
the appendix. It should‘be noted that this expression does not involve
theé yield strength of the base metal in a welded joint. It only és-
sumes fhét thevbaée metal is stronger thdn.the weld zone, and that it
does not yield. If £he ratio, D/h is so high that the calculated
strength of the joint exceeds the yield strength of the base_metal,.the,
base metal itself yieids aﬁd the strength of the- joint isvgovernedvbyv
the meChanical properties of the baée meﬁai; In such a casé the analy-
sis does notvapply. The foregoing analysis applies only when the
‘éalcuiafed strength ié leés than or equal to-the.yield strength of the -
base metal.

In'pfactice, however, the yield streés distribution across thé*
weld zone is better approximated by a trapezoldal, than thekrecﬁangular
,distribﬁtion assumed above. Tﬂis_is due to the fact thatvthe properties
change'gradually in the heat affected zone fraﬁ those of the baée metal
to those éf_the cast weldbmetal in the fusion zone., 'In the fusion zohe,

the properties are essentially uniform. In Figs 37, J is the width
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.~ of the central-regidn where the yieldzstrength is uniform and equal to

0 .

W
The foregoing_analysis can be applied to this central region so
that
o, = g, 1+——-£——-—-'-—?]
3 W3

This overestimates the actual strength of the weld, because the D/j ratio
is very large, whereas the previous assumption that: the weld con51sts

only of a weld zone (having yield strength a, ) of length h, the

..Gb"z.c [.l+3~/—5 ]

which underestimates the actual strength because the average yleld

calculated strength is

oy fw)

“strength of the weld zone 1s actually higher than 0,

A more realistic estimate of the strength would be given by a
value of the weld zone width (of yield strength ow) between h " and 'j.
This may be calculated by equating the effective strength of the

"constrained" region (assuming that iﬁ has a yield strength of Uw)

- and the 1mmed1ately ad301n1ng cOnstraining"'region. Hence if j + 2z

is the effective width of the weld zone, then -

'(0'1-0) .
D - g 4+ —R W R

o |1+ = .
W[ 33 j+2z Yo(h- )

where the right hand side of the equation represents the yield strength

at the section 7z assuming that the yield strength gradient in

~the heat affected zone is linear. Solving this quadratic equation.

yields:'.'
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o re R 11/
Zz_.j;[j.g"_ o, D (b-3) ] /
o S B 123 (0, -0,) |

e strengtthf the Joint Ty s is then given by 

. e(omo) 5 2 o D(h-3) = Jl/é |
o, =  OW + ) .[- Forosg ot " JB'(op-- o) (11)

It shoﬁld'be noted that this will also underestimate the stréngth since
" the acfuél trapezoidal yield strength diétribution is approximated by
a rectangular yield strength distribution across the joint.  This ex-
pression would Be more accurate where the slope-(cp-ow)/(hfj)/Q in the
trapezoidvis very steep.
v‘It'woﬁld appeér from the discussion so fa£ that failﬁre occﬁrs ét

the interface beﬁwéen the weld zone and the base metal., This .is not
true.v The initial derivation of stiength based on a wéld z§ne of
uniform properties is analytically éound but the actual weld does not
'chfofm to thevassﬁmptions accurately. |

The éffective-width anéiysié is a.mofe réaiisfic éSsumption for
calculating the strength of the weld but does not define‘the-state‘of
stress in the joint. The portion of the weld zoné closest‘tovfhe
parent metal is the strongest; failﬁre 0c§urs iﬁ fhe weakest regibn
which is the middle of the junction; Only when the strength of the
weld métal and heat affécted zone 1is greatef than or equal to the-
yield strength of the base metal, will the base metal flow and
failure occur at some other location. ”

If the yield strength distribution across the weld is approxiﬁated'

by a trianguiarlpattern instead of a trapezoidal pattern, the strength
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of the jdinpfcan be calculated by‘substituting j=0 in Eq. (II), which

P oo 1/2 . 1/2 o
% =% * '(Opif;w . ] - [%] e I

The strength of the joint is a linear function @f {D/h].l/2 Equation (I)

gives

on ‘the 6ther-hand shows that for é.rectangular yield strength_distfibu—
tioh the strength is a linear funcfion of D/h. | B

These_saﬁe genéral conclusions'hold for a trapezoidal yield
strength distribution across the joint.

A éiﬁilar anaiysis (ignoring_strength gradient) on welds made in
plates under the assumption of plane stréin yieldé (sée Appendix)

20 ' : : . 5
b:JBW[lf 11';_h] @

where t  is the thickness of the plate. |

Ne;

Based_on a similar feaéohihg'the strength of the joint for a
trapezoidal yield strength distribution across the joint can be deﬁér;
mined. |

The effective width of the weld zone as beféfe is given by

solving for z .in the equation

‘2(0p - o&)

0] * oz o= —g—- e) [l ——E——— ]
U ) NERRAEN R
Simplifying |
»8~J§ (op - Gw? 2, M‘JB'(GP'Gé)j v+'h( 5ol
o, (h-3) . o, (b-3) J
+ [2( N3-2)5 - t] =0 N .. o (v)

This- equation can be solved for =z.
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. If J =0 (i.e. for a triangular yield strength distribution across
“the joint) the above equation becomes

. | .8.\/,5. ,(Gp._ow) ]

il
@]

2+ LW3 2)  z -t
Owh : :

iwhich_gives

32 NER (0,-0,,)

-(4~N3-8) iJ(h ~/_5—8)2, + T B=3 T
B 1643 (0,-a,)
o (h-3) |

zZ

(v1)

The same general conclusions derived for joints in circular members

can also be made for rectangular members.

Correlation of Results and Theoretical Model

Welds in circular bars were made by friction weldingvaﬁd in sheets

by‘TIG'and electron beam welding. 'MiCrohardness traverse was made
across the center of the joint. Joints made under similar chditions
were fested in tension. An app?oximate trapezold was superimﬁosea on
 the micfohardness traverse., It should be noted that tﬁe gréph of miéro-

hardness vs yield strength, Figs 6 is not éccuréte'in the &ibinityv
of the fecrystallizétion temperature. Therefore it was not possible
t6 precisely determine the actual yield strength’distribution in this
regioﬁ. The computations are based dn tﬁe yiéld st?engths of the base
metal, and weld metal, assuming linear yield strength gradient in
the heat affected zone.

| As_mentioned Earlier,_although the experiments were not designed
origihaily to test the analytical model, the results obtained show

good conformance to the model as shown in Table II. The table

¥
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- compares the values of @ based on the simple rectangular yield

b
strength distribution and trapgzoidal yield étrength distributioh.
All the calculated,Values are heléw the actual sfrength values. When
the weldizone is very marrow %here iéva felativély'small difference be-~
tween the.stréngths.based on the two yield strength distrib;tions_éssumed.
. Thé felatively large'errér (14.3%) in specimen Nd. E-in Tablé iT
is attfibuted to thé cdmparatively large heat‘affected zone. The

analysis is not very accurate in such cases since the mechanical con-

-'straint'imposed on the weld zone is small and lafge plastic deformétion

tékes place in it.

It may be hoted that electron beam welds inhspecimens No. b4 ahd_S T

'_have approximatélykﬁhe same strehgth (lhl and 1M6.ksi) although made

in shégts of different thickneSses.v The theoretical-model aiso predicts
apprdximétely the same strength (136 and 155 ksi). Thié.result is
noteworthy from the point of ?ieﬁ of the validity éf the anglysis, The
theofeticai model was based on an idealized joint and does not presume
to permit the calculation of the exact strength of‘therjbinfg only a
lower bound. However as the weld is pulled in.te.nsion, the width of
the weld zone increases and the calculated stréngth goes doWh,-but‘
strain hardening in thevmetal compensates for this and hence the
approximate analysis gives 'a fairly accﬁrate estimate of thé joint

strength. As the soft zone becomes narrower the lower bound approaches

v the actual strength as shown by the experimental results.
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V.  SUMMARY AND CONCLUSIONS
TRIP steel was welded by three processes (i) TIG, (2) electron

beam, and (3) friction welding. The higest strength 198 ksi was ob-

tained by friction welding in a base metal of yield strength 207 ksi.

The highest strength attained in TIG and electron beam.welding was 139
and 155 ks1 respectively. It was shown that the'Joint strength-is a

function of the geometry of the joint and the strength and the width of

the softened zone; Since the highxyield strength of TRIP steels is de-

rived from warm work, the joint strength made under similar conditions

‘may not be a function of the‘base metal yield strength as'long as it 1is

vgreater'than the effective strength.of the constrained weld.

The analysis was made to gain a hetter understanding of-the{various
factors.that affect the strength of “the butt weldedijoint,: Although it
may not.always be feasible to determine'the eract yield'strength dis;'_i

tribution or microhardness across a weld, a fair estimate can be made

‘based upon'thevprocess,'the clearance between the members'joined, the
'chemistry‘of the weld metal, physical dimensions'of the weld and the .
. shielding. The weld has fUndamentally a cast structure. “The degree of

‘chilling depends upon the bulk of. the joint and-the_env1ronment and the

physical and metallurgical properties of the_metals being joined, ‘The

‘theoretical model offers an excellent basis for comparison and makes it

possibie to predict qualitatively the effect of change of process,
process parameters, and procednres on “the strength of the joint.” The
tests were made on joints machined smooth after weiding; but in practice
the built;up region (flash) may give rise to higher load carrying
capa01ty of the JOint or may lower it due to the notch effect thereby

produced.
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| In caSesbwhere there.ie very little or no plestie strain in the
base metal thevwelds fail in a brittlebmanner. In general, as’ the
weld zone becomes narrower the strength increases but the JOlnt be-
comes more brittle. waever, if the weld can be made stronger than
the bese metal, the latter yields'thus_resulting in large nniformvelonga_.
tion.b TRIP eteel hae aboutv50-55% éuctilityband this is o% great value
in_structural applications.‘ Ae seen thus, witnin the scopebof this

investigation, the strength depends upon the diameter (or thickness)

"~ of the'weld'and the width of the weld zone. Thus it may be possible

to achieve.lOO% Joint efficiency in heavier sections since the width

of the weld zone may not necessarily'increase proportionately.v The

:_ present study was made with welds hav1ng small cross- sectlonal areas,

Slnce the yield strength of TRIP steel can be controlled within

_llmlts by proper balance of alloying element and thermomechanlcal

treatment, sometimes it may be advantageous to reduce the yield
strength of the base metal slightly in order to obtain a "ductile"

weld.
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* APPENDIX

Welds in Bars of Circular Cross-Section

Consider that the weld is made in bars of diameter D. The width
of the weld zone is "h" és shown in' Fig. 36. The yield strength of
the weld zone is assumed to be uniform in simple tension (ow)'while

thé yield'strength of the parent metal is designatea Op.

' Axisymﬁetric solutions can be obtained for this éystem.subjected

~to tensile stresses when body and inertial stresses are ignored.

Consider the wedge of Fig. 42 subjected to uniform stresses indicated.

Equilibrium in the radial direction requires that

y | | : \
- 37 (Or'SQ r) dr + 20g h dr sin gg-f‘Ek 80 rdr =0

where . k 1is the.yield strength of the weld zone in shear

-do

or, r = 4 0O + Ehkr =0

-do_ O~ | : ‘
: : r r 6 2k : : : - v
oz B | o )

.von Mises yield cbnditibn for this case to produce'yieiding under

uniaxial tension is given by .

()“,\72‘\/"2-i J(OZ"OI.)Q"" (OI'_ 9)2‘_+ (O-e'qz')g

Under'thesé conditions the general state of stress is that of uniaxial
tension along the 2z direction combined with a hydrostatic tension in

the transverse direction.
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- Thus

.' -and;}

G

These ¢onditions satisfy the von Mises yield:criterion

verified by substitution. -

- Hence, =

g -0 =0 =3 k.
r z - W :

" The equation of equilibrium (Eq. 1a) then becomes -

T )
“.dr . h

© Also since

"5 =0 =0
Twoor.oz

i g
T z

= T
Equation (2a)'bécomes_
do

z

dr ‘h -

or 4

or,

0 =« =— 1+ A

‘where A is a constant of integration.

.and can be

and since Gﬁ is not a function of the radius r we have = -



3

Therefore,

or,

which gives

o

Integrating

At

which gives

From Eq. (3a) we obtain the average breaking stress o

as

o]

r .

L

s

ill

D2

&

m

D2

At the.f?eé surface  (r = g); o

'Eh-

D/2
'OZ 2mrdr

OA

LD/Q ow.g 14

= 0 hence dé

2

n3

g .
r W
2k D
W= m 2 tA
2k -D.
A-—Gw"{* —Hg—
=0 l+_— = - Iy (56.)
z W[ naz @ -
'v From Eq. (2a) the value of vGr can be calculated as follows
dGr . ok
dr -7 . h
2k |
| r_-h—-r+B
where' B 1is. a constant of integration.
5 Op-= O.
2k D
B= %7
W D
O, = - [ =-1] (4a)
 Bu °

b. of the joint

( g— -r) 2mrdr
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‘which gives .
1 D

b. W 'B‘JB . h | ‘ . oo o

Joints Made in Plates'

Avsimilar analysis can be made vfor" bﬁtt joints Iﬁade in m.e.mbers of |
fectangular cross-section under the assumption of plane_straih.
"Consi.der-the segment of the weld.zo'ne o_f thick.ne‘ss; dx as shown in
Fig. ).4’2.:. Under the assumptions that plaﬁe ‘sect'ions remain pl_an_e, and
ignoring 'body‘ and inertial forces, equilibriu.m in ’éhe_ x _difectibn

demands that

oo .
_ . | . x| B }
GXW.h-Edex‘ -_-[GX+ S dx] Wh—Ov_

or

=5 | | - _' .'(.53)

von Mises yield condition gives

e el 2 2 2
o, = Y3k ,:\lg—,[cx-gy] * logmo, 17 + [qZ—GX]
and |
_ o +0
g = Z X
v 2
Therefore,
DY i S 2
o, =V¥g (GX cz)
or,
2
0O '= 0_- — O .
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Assuming that O is not a function of- x

do do
_ z b
dx - dx

Therefore, from the equilibrium equation, Eq. (5a) we get

2

do, = - o, dx .
2 ILJ% W
Integrating,
o, = - =2 o, X+ C
R NE

where C 'is a constant of integration.

: - 2
.At.x: t/2, o0, =0 and oz_-\-[; o,
Therefore,
C25 WPt o
which gives |
2 ‘ X t
OZ ——\/_——'5 G_W [ 1 ~vH+ —2—]5] (6&)

From Eq. (5a) the value of OX can be cdmputed as follows

Ox .2
dx - h
Integrating ,
2 \%i
GX_-H X + B

where E 1s a constant of integration
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A6 x=Z ,0.=0
which give"s
B = SR

- Therefore, -

(0
W

o = A ['t'-; 2x] o o (73)

I VN

‘Airerage strength fc{b, required for joint failure is given by -

IR t/2
% =-t—f -C.Iz‘dx
Yo

)
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Table I. Friction weldigg;data.

ettt

‘Nb. Diam- . Speed Upset Weld Forge ~ TForge Revdlu- Diameter . .= Ultimate Remarks

eter RPM pressure pressure time . tions to at Tension tensile
in. ) 0 (din.)  (ksi) - (ksi) (sec) stop test (in.) ‘stress(ksi) . ‘
1 0.250 2000 0.030 15 - 70 L 8  0.2%. 15k Voids at interface
2 0.250 2100 0.030 20 70 4 52 0.223 iTh - " Sound bond
3 0.250 2500 0.030 Lo 70 L4 24 0.225 177 Sound bond no
' ~ - : yielding in base
metal
L 0.250 1500 0.0%30 60 70 k20 0.235. 185 Mo yielding in
: : ‘ o base metal
5 0.250 2000 0.0%0 60 - 70 & 2k 0.220 198 Yielding in base
o : ' metal
6 0.250 2500 0.030 60 70 _ L - 26 0,200 193 - No yielding in

base metal

-.O-r—(..



Table II.' Correlation of fesuits and theoretical model

No. * Figs. Op | h J oDy Ow Oy, Gb'based _ 'Ob based on
L T ‘ . or t. ) acﬁﬁal on rectangular =~ trapezoidal
(ksi)  (in.) (in.)  (in.) (ksi) = (ksi) 'Y.S, distribution  Y.S. distribution.
- . S . psi error % psi error %
1 19,20 207 0.066  0.03%  0.217 112 198 183 - 7.6 191 3.5
2 38,59 207  0.065 = 0.085 0.200 112 193 178 8.5 183 5.2
3 17,18 - 207 0.125 0.045  0.225 90 17k 121 30.5 150 14,3
L ko,b1 225 0,100 0.0k0  0.125 80 1kl 121 - 1k2 1 136 3.6
5. 1L,12 25 0.075  0.00  0.065 75 146 104 28.8 135 7.5

Nbs._l, 2, and 3 areAweldé in round speéimens and Nos. 4 and 5 are welds in sheet specimens.?

o s for Nos. 1, 2, and 3 and t for Nos. 4 and 5.

. -'[’_'-W_
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Fig.
' Fig.
Fig.

Eig.

Fig.
‘Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig;

Fig.
Fig.

Fig.

Fig.

Fig.

10.
ll'
12 .

13.

1k,

15,

16.

l?o

-l

FIGURE CAPTIONS

Tension specimen: sheet.

‘Tension specimen: round.

Stress-strain curve of base metal: sheet specimen.

Stress-strain curve of base metal: round specimen.

Variation of yield and ultimate tensilé stress with maximum

temperature of heating.

Variation of microhardness with‘yield stress.

- Stress-strain curve: TIG weld with no filler.

_ Microhardness traverse across TIG weld in Fig. 7.

Stress-strain curve: TIG weld with maraging steel filler;
Microhardness traverse across TIG weld in Fig. 9.

Stress-strain curve: electron beam weld with no filler.

Microhardness traverse across electron beam weld_invFigJ 11.

. Stress-strain curve: Electron beam weld with m@ragiﬁg'sﬁeel

filler.
‘Microhardness traverse across electron beam weld in Fig. 13.
Stréss-strain curve: electron beam weld with no filler tested

- at liquid nitrogen temperature.

Friction welding specimen.
Stress~strain curve: friction weld.

Speed: 2100 rpm  Upset: 0.030 in.

' Weld Pressure: 40 ksi - Forge Pressure: 70 ksi for 4 sec.

18.

19.

Microharaness traverse across the friction weld in Fig. 17.
Stress-strain curve: friction weld.
Speed: 2000 rpm  Upset: 0.030 in.

Weld pressure: 60 ksi . Forge.Pressure: 70 ksi for 4 sec.
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Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

‘ Fig.

Fig.

Fig.

20.

210 :

22.

23.

eu,‘

25.

26.

27..

28,

29. |

50.

structure, 600X.

T

NﬁérohardneSs‘travefse across the friction weld in Fig. 19.
Micrograph: TRIP steel in»thé as rolled condition. Sh0ws:

dark - carbide particles. 600X

» Micrograph: Fusion zone in TIG weld. ©Shows cast cored

Micrograph: Boundary between fusion zone and heat affected
zone in TIG weld, 600X.

Micrograph: HAZ close to fusion zone in TIG weld. Shows

“annealing twins and local melting due to'segregation durihg

rolling, 600X.

Micrograph: HAZ further away from the weld than Fig., 2b.
Shows éxcsssive carbide precipitation and growth, 600X.
Micrograph: Fusion zone in TIG weld with maraging steel

fi;ler. Shows area in the middle of the weld where there.

" is more maraging steel (darker regions), 600X.

Micrograph: ZFusion zone adjécent to the area in Fig. 26 where

there is more mixings Shows darker maraging steel particles'
dispersed in austeﬁite, 600X |

Micrograph: Fusion‘zone_in elsetron beam.weld. Shows
dendritic cored structure, 600X, |

Micrograph:.Boundary between fusion zbne and HAZ in elecfron

beam weld. Shows grain size and annealing twins in the HAZ,

600X,

Micrograph: HAZ in electron beam weld. Shows area of ex=-

cessive carbide precipitation'and growth,' 600X



Fig.

Pig.

Fig.
Fig.
Fig.
Fig.

Fige

Fig.

Fig.

Fig.

Fig.

Fig.

31.

32,

33,

3k,

35.
36.

37

38.

39.

4o,

W,

TR

“Micrograph:: Fusion zone in electron beam weld with maraging

steel filler. Shows dark maraging steel regions dispersed

in austenite, 600X.

Micrograph: Friction weld interfacé; Shows iﬁterface from
the center line of the specimen (bottom of,picfure) to the
outer diameter (top of ‘the picéure), 95X,

Micrograph: Friction weld interface close to centerline of
specimens. Shows carbide precipitation, 600X.

Micrograpﬁ: Friction wéld interface close to outér diameter
of specimen. . -Shows lesser concentratibn of carbide particles
than in Fig. 33, 600X.

Micrograph: HAZ in fficﬁion weld, Shows grain flow, 60OX.

. Rectangular yield stress distribution across a butt weld.

Trapezoidal yiéld stress distribution across a butt weld.

.Stresé-strain curve: Friétion weld. Speed : 2500 rpm.

Upset: 0.030 in. Weld pressure: 60 ksi. Forge pressure :

70 ksi for 4 sec.

Data'used to check theoreticdal model.  See Table IT.

Microhardneés traverse across the weld in Fig. 38.

Data used to check theoretical model. See Table II.
Stresé—strain curve: Electron beam weld with no filler..
Data used to check theoreticalvmodel. See Table TIT.
Microhardnéss traverse across weld in Fig. b41.

Data used to check theoreticél model. See Table II.
Equilibrium of wedge element in weld zone in a round butt

weld.'




_Ms; ..

Fig. 43, Equilibrium of element of weld zone in a butt weld of

rectangular cross section.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
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